Abstract: Rehabilitation of a watermain by grouted sliplining is usually carried out when the existing pipe is only partially deteriorated. Although designs that neglect the structural contributions from the existing pipe and the grout are generally conservative, the performance of the rehabilitated pipe needs to be better understood for effective design and management of buried water pipes. Presented in this paper is a practical method for the determination of load sharing and circumferential stresses in a sliplined pressure pipe. The laboratory tests show that the load carrying capacity of a cast iron pipe increases substantially after it is sliplined and grouted. Results also indicate that the eccentricity between the host pipe and the inserted pipe and the direction of eccentricity have an impact on the rupture load of the sliplined pipe. The effects of the host pipe wall thickness and the grout strength are also discussed. Although the method is based on a pressurized watermain, it can be used to assess the load carrying capacity of a non-pressurized pipe such as a sewer pipe. The use of this method is demonstrated through an example.
Introduction
Sliplining is one of several trenchless techniques that can be used for the rehabilitation of buried municipal pipelines. It involves pulling or pushing a liner pipe into an existing host pipe that is in need of rehabilitation as a result of its degraded hydraulic or structural performance. The liner pipe usually has a maximum diameter that is about 10% smaller than the host pipe to allow easy installation (PPI 1973; Sclairpipe 1996) .
Common practice in designing sliplined rehabilitation is to neglect the structural contributions of the existing host pipe and the grout (Hickle and Glasgow 1997) . The new liner pipe is designed on the premise that the existing host pipe is fully deteriorated. According to the definitions for "fully" and "partially" deteriorated pipes given by Standard F 1698 -96 (ASTM 1996 , it is usually appropriate to consider rehabilitating an existing watermain long before it reaches the fully deteriorated state, thus preventing unacceptable numbers of breaks in the main. A partially deteriorated pipe can still support the soil and surcharge loads throughout the design life of the rehabilitated pipe because of the load bearing strength and the stabilized pipe-soil system.
This common practice leads to conservative designs as it oversimplifies the true performance by neglecting the significant contributions from the grout and the existing host pipe. A better understanding of the performance of the rehabilitated pipe is needed. Before they can take a proactive and integrated approach to maintaining acceptable levels of service of their underground watermains, municipal engineers need reliable tools to assess performance and predict the service life of both the existing and rehabilitated pipes. When adequate bonding exists at the interfaces between the grout and the liner pipe, and between the grout and the existing host pipe, the rehabilitated pipe becomes a composite pipe. This situation represents the "best case," as illustrated by McAlpine (1997) . In his study, the design of a profiled PVC-grout-reinforced concrete (host) composite pipe system was carried out using the transformed section method. However, the eccentricity of the liner pipe from the host pipe is not considered in the study, although the annulus gap, which ranges from 12 to 75 mm, is mentioned.
When bonding at the interfaces cannot be relied upon, the rehabilitated pipe system is a "pipe-within-a-pipe" system (i.e., three independent rings -host pipe ring, grout ring, and liner pipe ring). This is the "worst case" system and is defined as Type II lining by WRc (1994) . In real applications, a sliplined pipe system with grouting may lie between the best and the worst cases. This paper presents a method for assessing the performance of the liner pipe, as well as the structural contributions of the grout and the existing host pipe, in a pipewithin-a-pipe system that is treated as a plane strain problem. The existing watermain pipe to be sliplined is assumed to be partially deteriorated. This method is validated with the results from laboratory testing of a sliplined test pipe and is demonstrated in a practical example of a 915 mm diameter cast iron watermain sliplined with a DR 17 HDPE pipe. The effects of eccentricity and of grout strength on the performance of the rehabilitated pipe are discussed. The results are discussed with an emphasis on the remaining service life of a sliplined watermain with a grouted annulus. The method can provide useful information to engineering professionals in utilizing reliability-based methodologies to predict the remaining service life of a watermain (Flourentzou et al. 1999; Aarseth and Hovde 1999; Kleiner 2000) .
Load sharing -theoretical analysis
Circumferential stresses in a buried pipe consist of hoop tension due to internal hydrostatic pressures and ring bending as a result of external soil and surface traffic loads. The same stress components exist in a sliplined watermain, but the level of stresses in each pipe ring depends on the dimensions and properties of the ring. The trenchless sliplining technique allows the insertion of a liner pipe and annular grouting while the host pipe is under continuous external soil loads. As a result, the host pipe takes the full external soil load before, during, and after construction. Assuming a uniform wall thickness, hoop tensile stresses due to an internal pressure are the same at all positions along the circumference, whereas ring-bending stresses due to an external load vary along the circumference and across the wall thickness (Fig. 1) . In addition to hoop tension and ring-bending, the pipe rings are subjected to thrust and shear under external loading. The thrust and shear are critical when the pipe is depressurized (or in the case of a gravity sewer pipe). Hoop stresses and ring-bending stresses are, in most cases, the governing design criteria (ASCE 1984) . In a grouted sliplined watermain pipe, the stability of the liner pipe is much enhanced by the grout and the host pipe, which is supported by the surrounding soil. Therefore, thrust and shear stresses due to external loading can be neglected.
Hoop tensile stresses in the liner pipe, the grout ring, and the host pipe can be determined from the strain compatibility requirement in the circumferential direction and the force equilibrium of the pipe system. To facilitate the analysis of sliplined pipes, the following assumptions are made. 1. The liner pipe and the host pipe are concentric. 2. The liner pipe, the grout, and the host pipe are within their elastic ranges under the expected loading conditions. 3. No bonding exists at the interfaces between the host pipe and the grout, and between the grout and the liner pipe. Recent laboratory shear tests show (Zhao et al. 2000) that the bond strength was of the order of 0.5 kPa at the interface between the HDPE pipe and grout, and of the order of 0.5 MPa at the interface between the cast iron and grout. The latter is understandably of a higher order of magnitude because of a greater degree of roughness at the cast iron-grout interface. 4. There is no gap at the interfaces between the three pipe rings. 5. Each pipe ring in the sliplined composite pipe behaves as a thin-walled ring (t/D << 1). The effects of the above assumptions are discussed with the results of the laboratory tests later. The liner pipe, the grout ring, and the host pipe are designated by subscripts 1, 2, and 3, respectively. Subscript int stands for internal loading. The three concentric rings, when subjected to internal hydrostatic loading, undergo expansion in the radial and circumferential directions. Since they are against one another, the compatibility of deformation in the radial and circumferential directions requires that the angular increase in all three rings must be equal. Also, the force equilibrium requires that the sum of all the internal forces in the three rings must equal the applied loading. The hoop tensile stress, σ 1,int , in the liner pipe that satisfies these requirements is given by where E is the modulus of elasticity, D 1 is the mean diameter of the HDPE pipe, t 1 is the wall thickness, and p int is the internal pressure.
Similarly, the equations for the hoop tensile stresses in the grout ring and the host pipe are given by
If we define a rigidity factor, ξ, as Et/D, then eqs. 
As indicated by eq.
[5], the hoop tensile stress in a pipe ring depends on the rigidity factors of the three pipe rings. For example, if the rigidity factor for the liner pipe is much greater than for the grout and the host pipe, the last two terms in the denominator in the parentheses will have little effect on the stress in the liner pipe. Then, the equation reduces to the familiar form of
which is Barlow's equation (Moser 1990 ) for calculating the hoop tensile stress of a thin-walled pipe due to internal loading. The definition of a thin-walled vessel or pipe is that the ratio t/D is sufficiently small so that the variation in stress across the wall thickness can be neglected (Beer and Johnston 1985; ASCE 1984) . Heger (ASCE 1984) discussed the impact of the ratio D/t. For D/t = 10 and 20 (or t/D = 20% and 10%), the error in using the thin-walled theory is 7% and 3.4%, respectively. Since the three rings form a pipe-within-a-pipe system, each ring acts as an independent thin-walled ring. For a fully composite pipe, however, the three rings act together as one ring and the assumption of thin-walled pipe may introduce unacceptable errors when the overall D/t is less than 10 (or t/D > 10%). Equation [6] applies to the liner pipe when there is a gap between the liner pipe and the grout and when the host pipe is fully deteriorated. The gap may be caused by differential shrinkage between the liner pipe and the grout when temperature decreases. On the other hand, if the existing host pipe is partially deteriorated but without any longitudinal cracks, the rigidity factor of the host pipe may be dominant and a major portion of the load may be taken by the existing host pipe. The equations given above can be used to determine the proportions of load shared by each element of the rehabilitated pipe.
Sliplining insertion and annular grouting are performed while the host pipe is under continuous external loading. This external loading, however, does not include traffic because it is expected that heavy trucks will not be permitted on the road surface directly above the pipe during the sliplining rehabilitation period. The three pipe materials share only additional surface (traffic) loads transferred through the soil. The maximum ring-bending stresses of the three pipe materials under external loading can be determined using the traditional two-point or three-edge bearing test (Moser 1990 ):
,ext traf soil
where σ j,ext is the maximum bending stress at the pipe crown or invert, W traf is the load due to traffic, W soil is the load due to soil, ψ is the pipe stiffness factor defined as EI/r 3 (Howard 1981) , I is the section modulus, and r is the ring mean radius. Equations [7] and [8] show that external traffic loading is shared according to the pipe stiffness factors. The pipe stiffness factor (ψ) and the rigidity factor (ξ) are related by
Some materials (such as plastics) have different shortterm and long-term moduli of elasticity, where the long-term modulus decreases with time. In assessing the load sharing and stresses, the value of the long-term modulus of elasticity taken at the expected design life should be used for the expected dead and normal live loads and the short-term modulus for loading conditions of a transient nature.
It should be pointed out that the equations presented provide solutions to host pipes that have uniform deterioration through the pipe wall. For cases where there are localized defects such as circular holes in a cast iron pipe due to graphitization, numerical analysis is required to obtain more precise results. The approach provided here can be used as a guide in carrying out structural analysis of a particular sliplined pipe. In addition, when sections of a pipe is subjected to variations in bedding condition, loading, or soil settlement, the two-dimensional analysis is no longer applicable. Load sharing for longitudinal bending and axial loading can be worked out similarly.
Load sharing and rupture load -laboratory tests
Ring-bending tests were conducted to verify the calculation method of load sharing discussed above. Pipe ring specimens were prepared from an old cast iron pipe, an HDPE pipe, and a sliplined pipe with and without the HDPE liner pipe removed. Ring specimens of a nominal length of 153 mm were tested using the two-point loading method (Fig. 2) . The detailed results of the laboratory tests can be found in Zhao et al. (2000) .
The host pipe consisted of sections of a 350 mm, outside diameter (O.D.), cast iron pipe obtained from Québec City, Canada. These pipe sections were originally installed as part of the water distribution system in the city around 1865 and were removed from the ground in 1998. The cast iron pipe sections arrived with heavy rust, tubercles, and holes and were cleaned by water blasting. There were noticeable graphitization areas on the cut surfaces of the pipe.
The liner pipe consisted of a 270 mm, O.D., HDPE pipe, manufactured from the PE 3408 material specification. Prior to ring-bending tests, a limited number of tensile and bending tests were conducted using bar specimens taken from the HDPE pipe to verify the short-term mechanical properties of the material (Zhao et al. 2000) .
The grout ring was made from Type 20 cement and Type C fly ash mixed on site. The water/cementitious materials ratio was 0.38, and its tested compressive strength was 34.6 MPa at 34 days. The grout ring would have had a uniform thickness of approximately 20 mm if the host pipe and liner pipe were concentric. Table 1 shows the measured average dimensions and the modulus of elasticity of these pipe rings. The D/t ratios of the three rings ranged from 15.5 to 17.5. The modulus of elasticity of cast iron was taken from CIPRA (1952); the modulus of elasticity for HDPE was from Sclairpipe (1996) (for one-minute duration of load). The modulus of elasticity of the grout was calculated based on the measured mass density of 1900 kg/m 3 and the measured compressive strength of 34.6 MPa (CSA 1984).
Pipe stiffness factors and external load sharing
The results from the two-point load tests can be used to verify the pipe stiffness factors and load sharing proportions calculated using eqs. [7] and [8] . Pipe stiffness factors can be determined from the ring-bending test (Howard 1981) as
where W is the applied vertical load per unit length and ∆y is the measured vertical deflection. The theoretical and tested pipe stiffness factors, together with the theoretical rigidity factors are also shown in Table 1 . The pipe stiffness factors for the grout rings could not be determined by testing the rings alone because they would have been damaged during the process of removal from the host pipe. Instead, they were determined by subtracting the measured pipe stiffness of the cast iron ring from the measured pipe stiffness factors of the cast iron-grout specimen, and similarly from the cast iron-grout-HDPE specimen. For comparison, the theoretical pipe stiffness factors for fully bonded rings (the best case) were calculated using the section transformation method (McAlpine 1997) and the concentricity assumption. These values were 45.7 and 49.7 MPa for the cast iron-grout ring and cast iron-grout-HDPE ring, respectively (Table 1) . The theoretical pipe stiffness factors agreed well with the measured values, although the values for the grout rings were 15-37% higher than the theoretical value. This difference could be attributed to increased modulus of the cementitious grout as a result of higher compressive strengths than the measured strength at 34 days. In addition, the tested pipe stiffness factor increased by 1.2 MPa with the inclusion of the HDPE ring, which was 6 times the theoretical increase of 0.2 MPa. This can be attributed to the shear/friction strength at the ring interfaces. Rigidity factor of a sliplined pipe system in real applications is expected to lie between the best and the worst cases when the rings are concentric. The fact that the test results for the cast irongrout ring and cast iron-grout-HDPE ring were 15.5% and 9.5% smaller than the theoretical worst case values, respectively, may be due to the effect of eccentricity of the rings in the sliplined pipe systems. Further discussions in this aspect are given later in this paper.
Rupture load -theoretical vs. test
The load carrying capability of a sliplined pipe can be increased significantly as a result of the presence of the cementitious grout (Table 2 ). This is due to the fact that the external load is shared according to the pipe stiffness of the three pipe rings, as shown in eqs. [7] and [8] . The increase in load carrying capacity after rehabilitation is also reported by Osako et al. (1999) . In their study, a box culvert was lined with a spiral wound liner and the cavity was grouted.
One assumption used in the derivation of eqs.
[1]- [9] was that all the pipe rings were concentric. This concentricity assumption rarely holds in the field installation of sliplining rehabilitation. As a result, the grout ring thickness can vary from zero to the maximum gap, which equals the difference between the inside diameter of the host pipe and the outside diameter of the liner pipe. This variation can be represented by eccentricity e, which is defined as the distance between the centre points of the host and the liner pipe rings (eq.
[11]).
[11] e t t = − max min 2 where t max and t min are the maximum and the minimum grout ring thickness, respectively. When t max = t min , e = 0. In other words, there is no eccentricity, and the uniform thickness is 20 mm for the particular pipe specimens. The test data (Zhao et al. 2000) showed a decreasing trend of the rupture strength with the increase in eccentricity (Fig. 3) , that is, with the increase in the differential between t max and t min . The decrease in rupture strength (R) was about 20% when the eccentricity increased from 5 to 16 mm. The minimum thicknesses (t min ) corresponding to this range of eccentricity were 13 and 5 mm. Note that the 20% decrease in rupture strength seems to be in line with the reduction of 15.5% and 9.5% in the tested pipe stiffness factors as compared to the theoretical values, as shown earlier in this paper. Further studies in this aspect may help establish reduction factors to count for the effect of eccentricity. The linear trend line has the form of
where R is the rupture load of the rehabilitated pipe; A is the rupture load when e = 0, which is the concentric case; and B is the slope of the trend line. The correlation coefficient, r 2 , for the trend line is 0.2, which indicates that the correlation is weak for the available data set.
In addition to eccentricity, the direction of eccentricity in relation to the loading plane also affects the rupture load. The limited test data indicated that higher rupture loads were required when the direction of eccentricity was perpendicular to the loading plane than when it coincided with the loading plane. However, the effect of the direction of eccentricity, based on the test data, was not conclusive. The modulus of elasticity of the cementitious grout depends on the compressive strength and density of the cured grout (CSA 1984) . Therefore, the ratio of rupture load (A) of the rehabilitated pipe (when e = 0) to that of the existing host pipe (R 3 ) can be expressed as ρ where ρ 2 is the density of the grout, f 2 is the compressive strength of the grout at 28 days, and f 3 is the rupture strength of the host pipe material. In deriving eq.
[13], the contribution due to the liner pipe is insignificant and is neglected. The general equation that includes the liner pipe is ρ f
The ratio expressed by eq.
[13] can be used to calculate the increase in the load carrying capacity of the grouted sliplined pipe compared to the host pipe prior to sliplining. Equation [13] shows that an increase in the grout thickness, density, or compressive strength will increase the load carrying capacity of the sliplined pipe. Figure 4 is a plot of eq.
[13] with the compressive strength of the grout as the horizontal axis. Values of other parameters correspond to those of the test pipes. In the case of the tested sliplined pipe, the ratio is 1.45 (i.e., 45% increase) based on f 2 = 35 MPa. The average rupture load of the tested sliplined pipe specimens was 325 kN/m, and that of the cast iron pipe alone was 235 kN/m, giving an increase of 38%. Using eq.
[13], one can obtain A/R 3 = 1.45, or 45% increase for e = 0, compared to 38% with the eccentricity effect. The average eccentricity for the data set is 10.5 mm. Using eq.
[12], B = -6.3 (obtained from the trend line) and e = 10.5 mm, the calculated rupture load is R = 332 kN/m, which is 2.3% different from the average tested value of 325 kN/m. Therefore, eqs.
[12] and [13] can be used to determine the rupture load of a sliplined pipe-within-a-pipe system. The grout strength is one of the controllable parameters in a sliplined pipe system that can be varied to achieve a desired pipe strength to accommodate an increase in internal and (or) external loads (e.g., increased internal operating pressures, new road crossing over the pipe, etc.). The grout strength may also be limited by the requirement of high flowability of the grout in the annulus. Plasticizers may be added to the grout mix to increase the flowability, or closely spaced injection ports may be used to achieve a uniform placement of a high strength grout.
Example for estimating service life
A practical example is shown below to illustrate how to estimate the service life of a sliplined watermain with annulus grouted with a lightweight grout mix. To achieve this goal, stresses in the rehabilitated pipe need to be determined for the applicable loads. The dimensions and material properties of the three pipe rings used in this example are shown in Table 3 . This example also demonstrates the effects of a reduction in the wall thickness of the existing host pipe and the effects of the grout strength. The lightweight cement grout has a density of 1630 kg/m 3 and a 28-day compressive strength of 3.5 MPa, which gives a modulus of elasticity of 5290, using the CSA formulas (CSA 1984) . The soil cover above the watermain is 1.5 m and has a unit weight of 18 kN/m 3 . Based on the dimensions and properties of the pipe materials, pipe stiffness factors and rigidity factors are calculated (Table 3) .
The wall thickness of a buried metal watermain reduces as natural deterioration (corrosion) takes place over time. A reduction in the wall thickness of the existing host pipe plays an important role in distributing internal and external loads. This reduction in wall thickness is shown in Fig. 5 for both internal and external load sharing. The curves are produced by varying the thickness of the host pipe while holding all other parameters constant. The load sharing proportions of the host pipe decrease, as expected, with the reduction in its wall thickness, but the decrease is more rapid for the external loads than for the internal loads. For example, for a 40% wall thickness reduction, the external load sharing proportion of the cast iron pipe reduces from 89% to 62%, whereas the internal load sharing proportion reduces from 91% to 86%. The liner pipe has only a small increase in load sharing for both internal and external loads. It is important to note that the cement-based grout has a low tensile strength and once this strength is reached, it will crack and have no capacity to share internal tensile loads. The sharing of external loads by the cracked grout ring requires more study.
The effect of the grout strength on load sharing was obtained by varying the compressive strength while all other parameters remained constant (Fig. 6 ). An increase in the grout strength from 5 to 25 MPa led to an increase from 15% to 29% of the load sharing proportion of the grout ring for internal load increases and an increase from 19% to 34% for the load sharing proportion for external loads.
Service life of a sliplined watermain
Stress, fatigue loading, and temperature are the main factors that affect the service life of an HDPE pipe (Bowman 1990; PPI 1993 PPI , 1997 PPI , 1998 ASTM 1992; Driscopipe 1996) . In general, the lower the stress, the longer the service life. Bowman (1990) examined the fatigue strength of polyethylene and PVC water pipe systems. Both stress level and its cyclic frequency affect the time to failure of HDPE pipe (Barker and Bevis 1983) as well as metal pipe. In addition, the average stress, referred to as creep stress, plays an important role in the service life of the pipe. The service life of an HDPE pipe is projected to be more than 50 years for a stress level of 5520 kPa (800 psi) (Driscopipe 1996) . Under combined internal and external loads, the maximum stress in the HDPE pipe is calculated to be less than 200 kPa, or less than 2% of its yield strength of 11 000 kPa. Therefore, the inserted HDPE pipe will act as a watertight liner until the host pipe fails. Furthermore, the foregoing analysis shows that a grouted, existing cast iron pipe will be subjected to lower stress than original, which translates to a higher load carrying capacity (eq. [13]). Under the same order of applied internal and external loads as those before sliplining, lower stresses in the host cast iron pipe result in a longer life, thus providing longer protection to the inserted HDPE pipe. As a result, the service life of the watermain is expected to be longer than that assumed in the design for rehabilitation.
In the following example, a linear deterioration (or any nonlinear) curve for the cast iron pipe with a design service life of 75 years was assumed. Further, sliplining was assumed to be carried out 50 years after the original construction. The deterioration curves for the original and rehabilitated watermain are shown schematically in Fig. 7 . Without sliplining rehabilitation, the existing pipe would have 10 years of remaining life when it reached its design service life. However, after sliplining the watermain pipe gained 50 years of service life from the inserted HDPE pipe (Driscopipe 1996) , in addition to the number of years gained as a result of the reduction in the stress level in the host cast iron pipe. This additional life can be estimated based on actual stress reduction in the pipe wall when imposed loads are defined, but for this example is assumed to be 10 years. The remaining service life is then increased to about 90 years. The deterioration curves shown in Fig. 7 are for illustration purposes only. Actual deterioration curves of cast iron pipe and sliplined pipe, when available, should be used.
What happens when the host pipe fails? The HDPE pipe is then expected to take the full internal and external loads. The grout ring may have failed owing to hoop tensile stresses but may still provide protection against pinching and scratching of the HDPE pipe. The failed host pipe and the grout ring may even provide some degree of load carrying capacity because of the lateral support from the soils. However, more research is required to investigate the modes of failure of host pipe and their effect on the liner pipe. Furthermore, the response of the sliplined multi-ring system was evaluated using the two-point loading method in this paper, which may not correctly relate to the response of the pipe embedded in the soils by the traditional bedding factor approach. Further studies could be undertaken to evaluate the relevance of two-point loading to characterize the strength of the repaired pipeline under earth loads and in embedded soils.
Conclusions
A practical method for determining load sharing in a grouted sliplined watermain is presented and verified by laboratory tests. Use of the method is demonstrated by a practical example. The closed-form equations derived based on the thin-walled theory provide reasonable quantitative estimates on load sharing among the sliplined pipe rings. Although the method is developed based on a pressurized watermain, it can be used to assess the load carrying capacity of non-pressurized pipes such as sewers, in which case the thrust and shear must be taken into account. The following conclusions can be made based on the analysis and the laboratory test results.
• There is little bond strength at the interfaces between the grout and the HDPE pipe, and between the grout and the cast iron pipe in a grouted sliplined watermain. The rehabilitated pipe is a pipe-within-a-pipe system, and the rings interact with each other independently.
• The load carrying capacity of a watermain pipe increases substantially after it is sliplined. The grout ring acts as a structural element when its tensile stresses are below the tensile strength. The eccentricity between the host pipe and the liner pipe has an impact on the rupture load of the sliplined pipe. The rupture load decreases with the increase in eccentricity. A general equation has been derived that can be used to calculate the rupture load (R) of the rehabilitated pipe. The grouted sliplining method can be used to strengthen an existing pipe.
• The direction of eccentricity affects the rupture load of the sliplined pipe. The rupture load is higher when the direction of eccentricity is perpendicular to the loading plane than when it coincides with the loading plane.
• Load sharing capability of the rings depends on their rigidity factors for internal loads, and on their pipe stiffness factors for external loads. These two factors are related by the ratio of mean diameter to mean wall thickness.
• The load sharing capability of the host pipe decreases more rapidly for the external load than for the internal loads, as its wall thickness decreases.
• The load sharing capability of the grout ring increases while the load sharing proportion of the host pipe decreases as grout strength increases. The grout strength can be controlled to meet a specific design objective.
• Sliplining increases the remaining service life of the watermain pipe. Furthermore, reducing the stress level in the host pipe can lead to an increase in service life. 
